The relationship between CO 2 emissions, the main gas responsible for global warming, and economic growth is among the most studied themes of environmental economics. Reducing overall emissions while keeping a high pace of economic development is at the heart of the notion of sustainable development. Economists refer to the case when emissions increase (resp. decrease) less rapidly than the pace of economic growth as relative (resp. absolute) decoupling. This requires the empirical analysis of the emissions-GDP relationship. The study of this relationship has special importance for developed countries, since they have been historically the main contributors of the global warming. Unlike the bulk of the literature, in this paper we allow the income elasticity of emissions -a critical metrics for the study of decoupling -to vary over time. The reason is that the elasticity might change through the time due to the factors affecting the drivers of the CO 2 emissions. We use a time-varying coefficients cointegration approach to investigate the CO 2 emissions-GDP relationship for 12 Western European countries over a long period ranging from 1861 to 2015. The main finding is that the income elasticities of CO 2 emissions are found to be positive in all investigated countries. In addition, we find evidence in favor of relative decoupling -emissions increasing more slowly than GDP -in 8 out of the 12 European countries. The remaining 4 cases the income elasticity of CO 2 emissions are in excess of unity. In nearly half of cases the analysis confirms a statistically significant time-varying pattern for the income elasticities.
Introduction
At the COP21 conference on climate held in Paris in December 2015, for the first time in history, almost all countries adopted a universal, legally binding global climate deal. Governments agreed on integrating climate change measures into national policies, strategies and planning on the basis of their Nationally Determined Contributions to the mitigation of greenhouse gas emissions.
In the past three years, global emissions of carbon dioxide from the burning of fossil fuels have levelled after rising for decades. This is a sign that policies and investments in climate mitigation are starting to pay off and that individual commitments within the Paris agreement are being pursued. While there is almost unanimous international agreement that the risks of abandoning the planet to climate change are too great to ignore, it remains critical to aggressively reduce emissions to reach a zero level before the planet dangerously warms.
As countries embark on the transition to a new climate economy, there's a debate about whether growth can drive, or even coexist with, climate stabilization. On the other side of the coin, it's also a discussion of whether climate stabilization can drive growth. While the relationship between growth and resources is a complex one, recent developments show that CO 2 emissions stayed flat in the three-year period 2014-2016 while GDP continued to grow.
When emissions cease to increase or even decline while the economy grows we have what is referred to as decoupling. More precisely, if emissions grow less rapidly than economic growth, we have a situation of relative decoupling. When they instead decline while the economy grows, we speak of absolute decoupling. This is ultimately the goal of any climate agreement.
The environmental and energy economics literature has long been interested in the empirical study of decoupling of emissions from GDP and in the strictly related concept of the Environmental Kuznets Curve (EKC), whereby as income grows relative decoupling turns into absolute after some income turning point. 1 Decoupling can be simply computed from actual data as the ratio between growth in emissions relative to growth in GDP, so that year-by-year patterns can be observed. 2 Most contributions in the literature, however, prefer to rely on econometric analysis which allow to summarize the relationship between emissions and GDP by means of a few statistical parameters on which the evidence on decoupling and EKCs is based. In this paper
we study decoupling between carbon dioxide emissions and GDP for 12 Western European countries observed over a very long time period.
A useful metrics to evaluate decoupling is the income elasticity of CO 2 emissions to GDP. By econometrically estimating an emissions-GDP relationship for each country, in this paper we compute the income elasticity and therefore obtain inference on the decoupling issue. Unlike the bulk of the literature we adopt a time-varying coefficient specification for our regression model and implement a recently developed time-varying cointegration method. This approach has a few distinct advantages over the "standard" fixed coefficients approach.
The remainder of the paper is organized as follows. Section 2 briefly reviews the relevant literature, Section 3 discusses the notion of decoupling and of income elasticity of CO 2 emissions. Section 4 presents the data used to implement the methodology outlined in Section 5.
Section 6 discusses the findings and the concluding section closes the paper.
Literature review
The present paper looks at decoupling on an individual country basis. Most of the literature takes advantage of the availability of statistical information both over time and across countries. Panel econometric methods are the norm. When the model is correctly specified estimated coefficients are more efficient as more information is exploited. However, panel methods typically rest on some cross-sectional homogeneity assumption, which may not be warrantied and in principle should be tested for. On a more conceptual level, since countries show significant differences in political, social, economic and biophysics factors, one should expect that different countries exhibit different patterns for their relationships between environment and income. Therefore, the assumption that the EKC slope coefficients are constant across countries would be misleading 2 One recent example of this approach is Naqvi and Zwickl (2017) which examines the decoupling of six pollutants (including CO2 emissions) from economic activity in six economic sectors of 18 EU over the period [1995] [1996] [1997] [1998] [1999] [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] . The literature on EKCs is vast and several surveys are available that summarize the evidence: one critical review is, for instance, Carson (2010) .
most of the time. Generally speaking, the standard econometric model in the literature has per capita emissions that are a linear function of powers of per capita GDP, typically either quadratic or cubic.
To keep things short, we limit our attention to recent papers which have investigated the emissions-income relationship for European countries.
Friedl and Getzner (2003) for Denmark, (4.6, 1.2) for Finland, (2.6, 2.2) for Norway, and (5.6, 1.9) for Sweden.
Decoupling
Our starting point is the standard specification of aggregate (country level) carbon dioxide emissions (CO 2 ) which are taken to depend on income/GDP (Y) and population (P). It is customary to express the relevant variables in per capita terms, to control for the size of the economy. Thus:
The Environmental Kuznets Curve (EKC) literature has been typically interested in the curvature of the environment-income relationship, in particular its possible inverted-U shape, and in the location of the income turning point where the curve starts declining. This is equivalent to assume that g(.) in (1) possesses certain analytical properties. In the literature decoupling, income elasticity of emissions, and Kuznets curve behavior are closely interrelated aspects of the emissions-income relationship. Thus, g(.) in (1) should also be able to address both elasticity and decoupling issues. To show these concepts, let co 2 = CO 2 /P and y = Y/P so that co 2 = g(y).
The decoupling of emissions from GDP is evidenced by the sign of the second derivative of g(.).
That is:
Thus, we have decoupling if the function is concave as in indicated region of figure 1.
Figure 1: Decoupling of emissions from GDP
This is not enough for a Kuznets curve, though. Indeed, condition (2) is necessary and sufficient for "relative" decoupling: emissions rise less than proportionally with income. However, the condition is only necessary for "absolute" decoupling. Indeed, we need to consider also the first derivative of g (.) . In other words, we have the following:
Absolute decoupling:
The role of the first two derivatives is clearly illustrated in Figure 1 . Absolute decoupling is thus what is needed for a Kuznets inverted-U behavior. Figure 1 shows that in principle we can have a third possibility: relinking. This occurs when:
regardless of the sign of the first derivative. If the second derivative of the function is negative over some range of value of y and then turns positive over the subsequent range, then a N-shaped relationship would occur. This is what is portrayed in Figure 1 .
The decoupling notion can be easily expressed in terms of income elasticity of emissions. If CO 2 emissions increase as income goes up, they are a "normal good". This implies a positive income elasticity. If such elasticity is positive but less than unity, then emissions increase less rapidly than income, implying relative decoupling. For absolute decoupling, however, we have to have that over a range of GDP values, the income elasticity turns negative: as income increases emissions will decline. This will make them an inferior commodity. All this implies the following:
(5) Relative decoupling:
Again, an inverted-U Kuznets curve will entail both possibilities, with a positive less than unitary income elasticity turning negative after the turning point. As a matter of fact, the turning point is precisely where the Kuznets curve stops rising and starts to decline. This is equivalent to state that the first derivative turns from positive to negative, as evidenced by Figure 1 .
To quantify the income elasticity and obtain evidence on the potential existence and type of decoupling between a country emissions and its GDP, it is necessary to select a suitable functional form for g (.) in (1). The most popular parametrization of the emissions-income relationship is the log-linear polynomial function of income. Thus, (1) takes for instance the following form:
where the ! " are coefficients to be econometrically estimated. The logarithmic specification represents a natural framework where to investigate the income elasticity of CO 2 emissions. In fact:
Note that linear double-log specifications of the emissions-income relationship entail a constant income elasticity equal to : as such neither relative nor absolute decoupling can be modelled.
We therefore need polynomials of income to be added to the relationship. According to (7) the sign and size of the elasticity depends on the sign and relative size of the estimated coefficients ! (i = 1,2,3) but also on the evolution of per capita GDP. In this sense the income elasticity is varying over time, driven by per capita GDP.
The typical parametrization of the CO 2 emissions -income relationship in (7) is characterized by fixed ! " coefficients. The income elasticity is therefore also based on fixed coefficients. While the most popular, the log-linear parametrization is not the only functional form that has been proposed in the literature. An obvious alternative is the linear-in-variables expression corresponding to (7), other flexible parametrizations include spline functions (Schmalensee, Stoker, and Judson, 1998) or non-linear-in-parameters specifications (Galeotti, Lanza, and Pauli, 2006) . One additional possibility, which has received some attention, is non-parametric specifications. Unfortunately, the calculation of parameter-based indicators such as income or population elasticities is not feasible in that context, besides the very large sample sizes that nonparametric methods typically necessitate.
One important result that relevant for the present purposes is the theorem established by Swamy and Mehta (1975) and confirmed by Granger (2008) which states that any non-linear functional form can be exactly represented by a model that is linear in variables, but that has time-varying coefficients. This is an attractive perspective, as the emissions-income relationship, and therefore the income elasticity of emissions, needs not depend only on the evolution of GDP, but may be in principle affected by several other variables. As noted by Moosa (2017), these additional controls need not be identified explicitly.
There are some studies which employed a time-varying coefficient approach to the emissions- break is that they require the choice of regimes, which might limit the results. In addition, Chang and Martinez-Chombo (2003) and Salisu and Ayinde (2016) note that an income elasticity based on time varying parameters may be more appropriate in light of the changes an economy may undergo over long periods of time, when structural breaks and parameter instability are likely to occur.
Data
This study uses long annual data for CO 2 emissions, GDP and population for the period 1861 to 2015 for 12 Western European countries. These are: Austria, Belgium, Denmark, Finland, France, Germany, Italy, Netherlands, Norway, Sweden, Switzerland, and United Kingdom. Long time series are especially suited for a time-varying parameter analysis. On the other hand, since we do not have available data for other relevant explanatory variables for such a long period, in our specification we can only use GDP and population data. However, considering that our main focus is the income elasticity of CO 2 emissions and that, as mentioned above, our time-varying coefficient approach takes into account the omitted variable problem, the use of per capita income as the only explanatory variable is likely not cause a significant problem. Figure 2 shows the time evolution of per capita emissions and GDP both in terms of levels (logarithms) and growth rates. From the joint consideration of the information in the table and in the figure two facts stand out.
First, is the impact of the World Wars which affected all the countries considered, determining recessionary effects or slumps in the economic activity and consequent falls in emissions.
Second, is the sensitivity of emissions to economic activity, evidenced by the higher volatility of the former relative to the latter, suggesting a positive elasticity. This is the issue we now want to examine with the help of rigorous statistical tools.
Econometric methodology and empirical results

Unit root tests
Since we make use of time series data, the first step is to test for the unit root properties of our variables. Considering that our sample spans the entire 20 th century and the trends seen above, we suspect the presence of structural breaks in the series corresponding to the years of WW1 and WW2. To take this fact into account we employed the Zivot-Andrews unit root test which allows for structural break (ZA) (Zivot and Andrews, 1992) . 4 The results of the unit root tests are presented in Table 2 . It reports the results for the ZA test only for the first differenced variables to conserve space. The years were selected based on graphical inspection and considering the two world wars as mentioned in prevoius section. All variables appear to be stationary at the first differenced form; we thus conclude that the logged variables are I(1). 4 We performed also standard Augmented Dickey-Fuller tests obtaining the same results. Since ADF and ZA tests are widely employed and described in the literature, we do not describe them here. 
Time-varying coefficient cointegration approach: methodological aspects
In the previous section we noted that a time-varying parametric approach provides a convenient methodological approach to the study of decoupling possibilities between emissions and GDP. In this regard the time-varying coefficient cointegration (TVC) method proposed by Park and Hahn (1999) allows for the possibility of a time-varying long-run elasticity that is a smooth function of time. In this sense, one can use time as a proxy for unobserved variables that affect the coefficients of the model explanatory variables.
5 Within this framework, we can simply specify (6) as follows:
where , + is a latent disequilibrium error sequence assumed to be weakly dependent. Note that the GDP elasticity of CO 2 emissions is simply equal to + but it is varying over time and can therefore be used to study the decoupling issue. coefficient specification is equivalent to a joint null hypothesis that all these coefficients are zero, while the TVC alternative is that at least one of them is non-zero. The number of polynomials (p) and trigonometric pairs (q) in (9) should be chosen based on Bayesian Information Criteria (BIC) (Chang et al., 2014) . Equation (10) can be estimated by Ordinary Least Squares (OLS) method, but to avoid the problems caused by nonstationary data the use of the Canonical Cointegration Regression (CCR) method proposed by Park (1992) is preferable (Park and Hahn, 1999) . The CCR method transforms the non-stationary data, keeping the same cointegration vector, so that the conventional least squares procedures become valid, if we apply OLS to the transformed data.
In order to test the existence of a long-run relationship between the variables Park and Hahn (1999) suggest the use of a Variable Addition Test (VAT) for cointegration, proposed by Park (1990) , which requires adding extra trend variables and testing the joint significance of the appropriate trend coefficients.
Time-varying coefficient cointegration approach: results
The first step is to determine the number of the polynomials (p) and trigonometric pairs (q) of (9) which minimizes the BIC value. In Appendix A we report the findings. The next step is to estimate the equations based on the chosen specifications using the CCR approach to the transformed data.
6
The second step requires testing for cointegration, i.e. if variables move together in the longrun. As mentioned above we use the VAT test, which simply looks at the joint statistical significance of the coefficients of the added polynomial trend variables. Accepting the null hypothesis implies that the variables are cointegrated. In the testing procedure, whose results are reported in Table 3 we employed four trend polynomials and tested their joint significance. of joint significance test of time varying coefficients, namely λ 1 = λ 2 = λ 3 = λ 4 = λ 5 =… λ k =0 in order to test whether or not the income elasticity is fixed or time varying. *, **, *** and **** stand for acceptance of null hypothesis in the case of VAT, and rejection of null hypothesis in the case of TVC at 10% , 5%, 1% and 0.5% significance level, respectively.
As can be seen from the Table, for ten countries out of twelve, the test indicates that there is a cointegration relationship with at least at 0.5% significance level. For two countries, namely Finland and Germany, the VAT test suggests cointegration only at 0.2% significance level. Park and Hahn (1999) suggest that the failure to find cointegration relationships in many studies based of fixed-coefficients parametrizations might be the result of parameter instability. In this respect, our findings lend support to Park and Hahn (1999) argument as we found a long-run relationship in all country cases using the VAT test they propose. 8 We proceed on the assumption that there is a cointegrating relationship for every country considered. The next step involves testing the significance of the time-varying coefficients.
As described in Chang et al. (2014) , the test in the present context has a Chi-square distribution with p+2q degree of freedom. To test for the significance of TVC we thus equate all the TVC coefficients (λ i 's) to zero and check their joint significance.
The results are given on the right side of Table 3 . In five countries the TVC coefficients are found to be significant: that is, we have enough evidence to conclude that the income coefficient in Finland, Germany, Netherlands, Sweden and Switzerland, is time-varying. For the remaining countries the insignificance of TVCs should be interpreted as follow: the coefficient itself is positive and time-changing, but the change is very small, so that the average behavior of the coefficient appears to be constant over time, i.e., the change is insignificant. Hence, the finding of insignificant TVCs does not invalidate the positive relationship between emissions and income. The coefficient of GDP (without the varying part: 2 ) is significant in all country cases with insignificant TVCs, thus supporting the finding of a positive income elasticity.
Time-varying coefficients and income elasticity of CO 2 emissions
The estimated parameters of time-varying coefficients for income are reported in Table 4 . The results support the significance of the time varying coefficients for the above mentioned five countries. For the remaining countries only the coefficient λ 0 is statistically significant. This implies that the income elasticity of CO 2 emissions is based on a single fixed coefficient. In other words, one advantage of the TVC method is that it encompasses the standard fixed coefficient approach.
The time-varying income elasticity of CO2 emissions we calculate is the following: Table 5 reports the estimated income elasticites of CO 2 emissions. In the table we distinguisgh between countries for which the TVC coefficients λ i (i = 1,...4) are statistically significant, so that the elasticity is time-varying, and countries where the elasticity is fixed and constant. 
Discussion
The possibility of decoupling the behavior of CO 2 emissions from economic growth is an important feature of countries engaged in fighting climate change and in energy/ecological transitions toward a greener economy. As discussed in Section 3, we can distinguish bewteen a weaker form of decoupling which entails a slower growth in emissions relative to GDP and a stronger form which leads to a reduction in emission levels as the economy keeps growing.
Decoupling is strictly related to the income elasticity of CO 2 emissions. Indeed, no decoupling implies an elasticity larger than one, relative decoupling a positive less then unitary elasticity, and absolute decoupling a negative income elasticity.
The standard approach is to evaluate the income elasticity on the basis of parametrized models of the CO 2 emissions -GDP relationship. The typical features of these models are twofold: (i) emissions are a linear function of powers of GDP (typically second or third order), and (ii) the coefficients to be estimated are fixed. The resulting income elasticity depends on GDP, as shown in (7), so that its variability is driven by income.
In the previous section we have argued that a fixed coefficient framework is restrictive. Indeed, it has been argued that any non-linear functional form can be exactly represented by a model that is linear in variables, but that has time-varying coefficients. An income elasticity based on time varying parameters may be more appropriate in light of the changes an economy may undergo over long periods of time, when structural breaks and parameter instability are likely to occur. Figure 3 shows the pattern of our time-varying income elasticities over time. The first thing to note, also from income elasticties are time-varying over time. This emerges more clearly in Figure 4 . 9 We see that there is tendency for income elasticities in Switzerland and Netherlands to decline: these are also the two cases where the elasticity is highest. In the other three countries the pattern is less clear: the elasticity appears to be hump-shaped over time, although it seems to be on the rise in the latest years. The variability of these elasticities is however very small. 
Conclusions and policy implications
The relationship between carbon dioxide emissions, the main gas responsible for global warming, and economic growth is among the most studied themes of environmental economics.
The possibility of reducing overall emissions while keeping a high pace of economic development is at the heart of the notion of sustainable development.
Economists refer to the case when emissions increase (resp. decrease) less rapidly than the pace of economic growth as relative (resp. absolute) decoupling. This issue requires the empirical analysis of the emissions-GDP relationship. The study of this relationship has special importance for developed countries, since they have been historically the main contributors of the global warming. The response of the emissions to the economic growth, that is the income elasticity of CO 2 emissions is an alternative way to consider the decoupling issue.
The literature on the CO 2 emissions-income relationship is vast: it has used a variety of econometric methods, has been based on panel of individual country analyses, has regarded developed and developing countries, among other features. In this paper, unlike the bulk of the literature, we have allowed the income elasticity of emissions -a critical metrics for the study of decoupling -to vary over time. The reason is that the elasticity might change through the time due to the factors affecting the drivers of the CO 2 emissions. Since the drivers of emissions evolve over time, the responses of emissions to the changing factors might be time-varying. We have used a time-varying coefficient cointegration approach to investigate the CO 2 emissions-GDP relationship for 12 Western European countries over a long period ranging from 1861 to 2015.
The main finding of the present study is that the income elasticities of CO 2 emissions are found to be positive in all investigated country cases. This does not obviously imply that active climate policy may induce a reduction in absolute emissions levels, as the very recent global trends seem to evidence. Our second main finding is that we find evidence in favor of relative decouplingemissions increasing more slowly than GDP -in 8 out of the 12 European countries. The remaining 4 cases the income elasticity of CO 2 emissions are in excess of unity. In nearly half of cases the analysis confirms a statistically significant time-varying pattern for the income elasticities. In the remaining cases some time-varying cointegration coefficients are not statistically significant which implies that income elasticities are positive and time-changing, but the change is very small, so that the average behavior of the coefficient seem to be constant over time. This confirms the usefulness of our time-varying coefficient cointegration analysis.
